Radical centers close to protons are known to enhance their dissociation.
INTRODUCTION
In 1974 Hayon and Simic reviewed what was then known about the acid-base properties of free radicals in solution. 1 One of their conclusions was that the ionization constants of acid radicals were sometimes low in comparison with parent compounds. Twenty years later Radom and co-workers carried out QM computations on the gas phase protonations of carbon-centered organic radicals. 2, 3 Continuing this theme they examined the bond dissociation energies and acidities of alcohols and noted that "In general, the CH3WOH alcohols were found to be less acidic than the related •CH2WOH radicals" (W represents connector groups). 4 
Studer and
Curran pin-pointed the enhanced acidity of intermediate cyclohexadienyl radicals as an important driver in base-promoted homolytic aromatic substitution reactions (BHAS). 5 Recent research on the bicarbonate radical [HOCO2•], an important spin-out species of the biological buffer system, 6, 7, 8, 9, 10, 11 drew attention to its high acidity. 12 The pKa of this radical is at least 4 log units less than that of carbonic acid [HOCO2H; pKa = 3.6]; a model in which the unpaired electron (upe) is replaced by an H-atom. Several other radicals, including the biologically important carboxyl [•C(O)OH] and hydroperoxyl [HOO•] radicals, were also shown to exhibit greatly enhanced acidity in comparison with analogous models. A study of a diverse set of radicals containing carboxylic acid substituents picked out structural features necessary for them to display the phenomenon of Radical Enhancement of Deprotonation. 13 "RED-shift" was adopted as a short and convenient acronym for this phenomenon. Furthermore, ethyne units were shown to be particularly efficient at transmitting the effect through molecular structures.
These discoveries raised questions about the generality of the phenomenon and the extent of the molecular landscape in which it might operate. Could the acidity of other proton donor groups, such as sulfonic, sulfinic and even carbon acids, also be increased by suitably sited and The pKas of transient radicals are very difficult to measure experimentally because of the high reactivities/short lifetimes of both the neutral acid radicals and their conjugate radical anions.
Only a few, usually relying on specialized spectroscopic methods, 17 have been determined and their error limits are necessarily high. A computational method was therefore sought that would output dependable data and would be easy to apply. The literature contains a wide range of computation methods for acid dissociation constants, 18, 19 including those of carboxylic acids, 20, 21, 22, 23 and other organic compounds. 24, 25, 26, 27 HAaq  Haq  + Aaq  GA-HA
The pKa of a Bronsted acid HA is directly proportional to the free energy of deprotonation [GA-HA] of the acid:
Not surprisingly therefore, computational methods focus on various ways of determining free energies of deprotonation. An advantageous approach has been to derive linear correlations of experimental pKa values, for particular classes of compounds, with DFT computed free energies of deprotonation. 28, 29 This method was chosen for the acid radicals of this work and linear regression plots were examined for four classes of model acids having known experimentally determined pKa values. A previous study of 12 radical reaction types compared results from the high level composite ab initio G4 method, 30 with those obtained with 23 different DFT functionals (plus the MP2 ab-initio method). 12 The CAM-B3LYP functional was found to perform best with radical species and gave lowest mean absolute deviations (MAD). For each set of model acids deprotonation free energies were then computed with this functional making use of the 6-311+G(2d,p) basis set and with the CPCM continuum model with water as solvent.
The experimental free energy of solvation for the proton (-264.2 kcal/mol) 31 was included.
Model organic sulfonic and sulfinic oxy-acids were chosen for study because of their likeness to carboxylic acids. It was deemed that enhanced acidity might also be displayed by other proton donor molecules with suitable radical substituents. Linear regression plots were therefore made of the DFT computed GA-HA values with the known experimental pKas for sets of sulfonic and sulfinic acids, for imides and for carbonyl compounds. The experimental ionization constants were taken from published compilations. 32, 33, 34 Details of the computations are in the Supporting Information together with a composite graph of plots for each acid type ( Figure S1 ) showing the good consistency of the data. In this way the relationships (2) to (5) were obtained; equation (6) was derived previously by the same method for model carboxylic acids: 13 Sulfonic acids: pKa SO3H = 1.050GA-HA + 0.554 R 2 = 0.962 MAD = 0.82 (2) Sulfinic acids: pKa SO2H = 0.156GA-HA R 2 = 0.13 MAD = 0.19 (3) Imides and amides: pKa NH = 0.366GA-HA R 2 = 0.975 MAD = 0.34 (4) Carbonyls pKa CH = 0.418GA-HA -2.272 R 2 = 0.961 MAD = 0.52 (5) Carboxylic acids pKa CO2H = 0.287GA-HA + 0.013 R 2 = 0.944 MAD = 0.46 (6) The lines for the carboxylic acids, imides and amides pass very close to the origin and the line for the sulfonic acids also has a very small intercept (see Figure S1 ). This behavior is in good accord with the direct proportionality inherent in general equation (1) . Available experimental pKa data for sulfinic acids covered too narrow a range for a satisfactory correlation to be obtained (R 2 = 0.13). However, the data matched the general trend observed for the other series, so a zero intercept was assumed and the regression line (3) was obtained. The only regression line with a significant intercept was that of the carbonyls (5) where compound diversity was somewhat greater. Very acceptable MADs of the computed pKas from the experimental ones (shown to the right of the relationships) were obtained for the model acids. This data implied that realistic estimates for the pKas of transient acidic radicals of each class could thereby be obtained.
RED-Shifts in Sulfonic and Sulfinic Acid Radicals
The above-mentioned investigation with carboxylic acids had shown that large RED-shifts usually resulted when the radical center was in close proximity to the acid group. Alkanic (including CH2), alkenic and aromatic spacer groups between the radical center and the CO2H group transmitted the effect poorly, if at all, but ethyne and bicyclo[1.1.1]pentanic spacers did conduct RED-shifts. Sets of sulfinic (1 to 4) and sulfonic (5 to 8) acid radicals with analogous structural features were chosen for study (Scheme 1) together the corresponding models in which the upes were replaced by H-atoms (1H to 8H). The GA-HA values for ionizations of the acid radicals and their model acids were computed by the DFT method described above. Then expressions (2) and (3) were employed to obtain the corresponding pKa values. The data for the acid radicals and the non-radical acid models is compared in Table 1 . The magnitude of any RED-shift is expressed by pKa [defined as pKa(model) -pKa(radical)] which amounts to a quantitative yardstick for the phenomenon.
Scheme 1. Sulfonic and Sulfinic Acid Radicals with Corresponding Non-Radical Models
The small or negative pKa values (Table1, column 3) revealed that, as expected, both sulfinic and sulfonic models and radicals were all strong acids; sulfonic being significantly stronger. Note that the pKas were all either positive or near zero indicating that the radical center either had no effect or it enhanced acidity. As seems reasonable, no diminishment of acidity was observed for any structural arrangement. A small RED-shift (0.88) was induced in sulfinic radical 1 and a substantial RED-shift of 4.11 units in the ethynesulfinic acid radical 3. On the other hand, essentially no RED-shift was present in the methylenesulfinic acid radical 2. This was analogous to the carboxymethyl acid radical  CH2CO2H which also showed no RED-shift. A somewhat different picture emerged from the sulfonic acid data. As expected, moderate REDshifts were obtained for the sulfonic acid radical itself 5 and for the ethynesulfonic acid radical 7.
Interestingly, the methylene spacer in radical 6 and the bicyclo[1.1.1]pentane spacer in 8 also permitted moderate enhancement of acidity. Previous research had indicated that RED-shifts occurred when the structure made possible site exchange of spin with charge. The significant RED-shift of methylene-sulfonic acid radical 6  can be attributed the pyramidal SO3  group permitting this; possibly because the p-orbital of the CH2  group necessarily eclipsed one of the S=O bonds. No such eclipsing occurred with the CO2  of the non-RED-shifted carboxymethyl radical or the SO2  group of methylenesulfinic acid radical (2) .
Modest RED-Shifts for Imidyl and Related Acid Radicals
Several imides were known to be good proton donors, so the possibility of radical enhancement of proton release from imide N-atoms was next investigated. The azetidine-2,4-dione unit (see 
RED-Shifts in Carbon Acids
Generation of carbanions by deprotonation of suitably activated CH bonds is an extremely important process in numerous organic preparative sequences. Exceptional interest is therefore attached to discovering if the lability of appropriate CH bonds can be enhanced by neighboring radical centers. 1,3-Dicarbonyl compounds are popular reagents for carbanion (enolate) production, so two types with contrasting acidities were chosen for study. 1,3-Diketones are weak acids with pKas in the range 9 to 11 whereas Meldrum's acid (2,2-dimethyl-1,3-dioxane-4,6-dione) 35, 36 and derivatives are comparatively strong acids with pKas close to 5 units. Two suites based on these structures and containing radicals centered on different elements are set out in Chart 1, which also lists the pKas, derived from GA-HAs by use of expression (5), together with the pKas relative to the corresponding non-radical models. In support of this, a significant pKa (2.9) was found for nitroxide radical 13 in which smaller substituents permitted internal rotation around the CN(O  ) bond. Of course, the lack of bulky substituents would mean nitroxide 13 would be a transient, rather than a persistent radical. containing anion 14aH  almost all the negative charge appears in the propan-dione unit and the HOMO also has its highest amplitude associated with this moiety. The increased stabilization of the CH2  -containing radical anion 14a  is a consequence of the distribution of negative charge away from the propan-dione and onto the CH2 group, coupled with delocalization of spin density in the other direction away from the CH2 group and onto the propan-dione unit (Figure 1 ). This exemplifies the charge/spin site exchange process that is characteristic of RED-shift systems.
The HOMO of 14a  consists of a -system enveloping both propan-dione and CH2 groups. The conjugate alkoxyl radical anion 14c  , with the huge 17.4 unit RED-shift, has even more negative charge at the radical center and greater spin density distributed to the propan-dione unit.
Radical anion 14g  , containing a formyl radical center, has significant negative charge removed from its propan-dione unit to the formyl group. However, the HOMO is a -orbital, out of conjugation with the -system of the propan-dione unit, so the spin density remains virtually all on the CO group (Figure 1) . Consequently, charge/spin exchange is minor and only a small RED-shift results. 
Influence of Ethyne Radicals and Multiple Ethyne Spacer Units
Ethynesulfinic (3) and ethynesulfonic acid radicals (7) exhibited substantial RED-shifts (Table   1) , as did ethynecarboxylic acid radical. The influence of the ethyne structural unit was intriguing as it appeared to be uniquely effective at enhancing acidity and conducting RED-shifts through chains of atoms. The consequence of introducing it into the two 1,3-dicarbonyl systems was next investigated. RED-shift transmission through polyethyne chains was also examined for sulfinic acid radicals 15a to 15g with up to 6 ethyne units, for sulfonic acid radicals 16a to 16e with up to 4 ethyne units, for pentan-2,4-dione radicals 17b to 17k with up to 10 ethyne units and for Meldrum's acid derivatives 18b to 18k also with up to 10 ethyne units (see Scheme 3).
Scheme 3.
Poly-Ethynyl Sulfinic, Sulfonic and Carbon Acid Radicals. Table 2 contains the pKa and pKa computational results for the members of the four polyethynyl series, for specified numbers of C-atoms in their chains [Cn]. 37, 38 The acidity of the radicals reduced as the number of spacer alkyne units increased, so these pKas tended towards those of the corresponding models, but the incline was shallow such that the approach was remarkably slow (Figure 2 ). Amazingly the RED-shift remained significant and was transmitted even beyond 10 ethyne units for both the pentan-dione (17 -) and
Meldrum's (18 -) series. The RED-shifts for the four series are shown in Figure 3 as a function of Cn. The key factor in the enhancement of acidity is the thermodynamic stabilization, imparted by the radical centers, to the conjugate radical anions released on deprotonation. Some insight into this phenomenon can be gained by examining the distribution of spin and electronic charge in these species. Formal structures for the poly-ethynyl radical anions 17  and 18  also display the negative charge q(X)/e as contained in the 1,3-dicarbonyl units (Scheme 3). However, Figures 5(a,b) illustrate a more complex situation. Figure 5 ethynes and, as additional units were added, the alternation was suddenly damped. Net negative charge at Ct was still important even for 10 ethyne spacers. Figure 5b highlights the curious discontinuity in charge distribution between 5 and 6 ethyne spacers.
The computations indicated significant negative charge associated with Ct, even for the mono-ethynyl species 17b  and 18b  (Figure 5b , blue squares and circles). The negative charge on Ct increased as up to 5 ethyne units were added in the Meldrum's series (18  ). Lengthening the chain triggered the curious discontinuity to smaller q(Ct); but the trend to increased negative charge was resumed for subsequent additions of ethyne units. That this was not a computational malfunction was supported by the fact that a similar discontinuity was observed in the pentan-dione series (17  ) between 6 and 7 ethyne units (see Figure 5b ). The first step in base-promoted homolytic aromatic substitutions is inter-or intra-molecular addition of a radical (R  ) to an aromatic or heteroaromatic ring and production of a cyclohexadienyl type radical such as 23. Re-aromatization may take place by oxidation of 23 to the corresponding cyclohexadienyl cation followed by proton loss. However, the acidity of the proton at C-1 is enhanced by the adjacent radical so it is easily removed by base with production of an aromatic radical anion 24. The latter may transfer an electron to the radical precursor thus yielding a substituted arene and, with suitable radical precursors, regenerating the initial radical R  . Numerous intermolecular and intramolecular examples of these BHAS reactions have been described, 42, 43, 44 and they can be formulated as electron-catalyzed processes. 5 These examples widen the scope and generality of the RED-shift phenomenon even further. Opportunities for future applications of these processes in facilitating novel chemical transformations where CH(R) activation is required, appear unlimited.
Most of the radicals considered in this study are transient species that could be generated either with steady or pulsed irradiation or by heat. Applications in several types of devices can therefore be foreseen. For example, pH could be controlled or varied by applying light or heat with an appropriate radical precursor. Pulses of acidity could be obtained with suitable precursors and equipment. In conjunction with appropriate dyes, light addressed display devices might be achievable. Since a variation in acidity is generally accompanied by variation in conductivity, light operated switching devices appear feasible. The superacid classes of acidic radicals might be applicable as milder and more user friendly reagents than corrosive sulfonic/Lewis superacid mixtures for generating carbo-cations from hydrocarbons.
CONCLUSIONS
In summary, placement of a radical center adjacent to sulfinic, sulfonic or carboxylic acid groups leads in each case to significant enhancement of acidity. The RED-shifts were even more pronounced for the pentan-2,4-dione and Meldrum's acid species. However, only modest deprotonation enhancement occurred for imides of the azetidine-2,4-dione type on introduction of a radical at C-3. In the 1,3-dicarbonyl compound types RED-shifts were obtained with radicals centered on C-, N-, or O-atoms and they increased with the electronegativity of the radical center. The huge radical enhancement in Meldrum's alkoxyl acid 4c took its acidity into the superacid class. The small or zero RED-shifts for proton donors with formyl or nitroxide radicals can be attributed to their conjugate radical anion structures precluding alignment of orbitals between the radical center and the charge-bearing group.
